The multifocal visual evoked potential (mfVEP) is an important tool to test visual pathway function. The aim of this study was to optimize electrode positions in mfVEP recordings. For analysis we applied a receiver operating characteristic (ROC), a method that inherently corrects for multiple testing. We found that a combination of two perpendicular derivations-both straddling the inionwas the most effective recording setup. Adding more than two derivations did not significantly increase the sensitivity. Thus optimal mfVEP detection can be achieved with a fairly simple recording setup which may facilitate mfVEP recordings in basic research and clinical routine.
Introduction
The multifocal VEP (mfVEP) allows a simultaneous recording of visual evoked potentials (VEPs) from a large number of regions within the visual field (Hood & Greenstein, 2003) . The method is based on a pseudorandom m-sequence stimulation which helps to analyze the linear and nonlinear responses of physiological systems (Marmarelis & Marmarelis, 1978) . The multifocal stimulation and recording technique had previously been applied to separate electrophysiological responses from different parts of the visual field for both retinal responses with the multifocal ERG (mfERG) (Sutter, 1991; Sutter & Tran, 1992) and cortical responses with the multifocal VEP (Baseler, Sutter, Klein, & Carney, 1994; Baseler & Sutter, 1997; Graham, Klistorner, Grigg, & Billson, 2000; Hood & Greenstein, 2003) .
The purpose of this study was to optimize electrode positions in mfVEP recordings. We here present mfVEP data of normal subjects from an electrode arrangement of four occipital positions and one frontal position. MfVEPs from the 10 possible pairs of electrodes were either recorded directly or calculated from the recorded mfVEPs. For mfVEP optimization we addressed three main questions. First, is there a point of diminishing returns, where additional derivations do not significantly improve signal detection? Second, what is the minimum number of combined derivations to optimally detect mfVEP activity? Finally, which subset of the 10 derivations was most effective in picking up mfVEP activity? This subset of derivations might constitute an effective mfVEP setup where an optimal signal detection is achieved with minimum costs in recording and analysis efforts. Earlier studies showed that the probability to pick up a significant mfVEP can be increased by choosing the largest mfVEP response in a multi-channel recording and analysis setup . The data of these earlier studies, however, had not been corrected for ''multiple testing'', a serious statistical problem that may arise when the data analysis singles out a signifi-0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2007.01. 026 cant result in one statistical test while blinding out all nonsignificant results in a larger test series.
In the current study we quantified the benefits of multiple mfVEP derivations by calculating the ''receiver operating characteristic'' (ROC), a method that is usually applied to estimate the sensitivity and specificity of diagnostic tests (Dobie & Wilson, 1993; Swets, 1986 Swets, , 1988 . When applied appropriately to mfVEP data, the ROC-analysis inherently corrects for multiple testing.
Recent advances in the recording and analysis of mfVEPs
MfVEP responses vary strongly in waveform between different subjects and between different visual fields within the same subject. These variations range from differences in amplitude to polarity inversion or even extinguished responses (Klistorner & Graham, 1999; Hood, Zhang, & Winn, 2003) for visual fields without any dysfunction. demonstrated that the inter-individual variability is mainly due to changes in the surface of the cerebral cortex and its relative position to the recording electrodes.
Meanwhile refinements in the recording and analysis techniques have improved the correlation of mfVEP amplitudes and visual field defects, e.g. in glaucoma patients (Hood & Greenstein, 2003; Graham, Klistorner, & Goldberg, 2005) .
MfVEP amplitudes are correlated with the magnitude of the background EEG as the shielding properties of skull and dermis seem similar for both types of electrophysiological signals (Klistorner & Graham, 2001) . Thus the EEG background can be used to normalize mfVEP amplitudes across different subjects and to reduce one source of mfVEP variability (Klistorner & Graham, 2001) . Graham et al. (2000) and showed that an inter-ocular comparison of mfVEP amplitudes helps to identify monocular scotomas. As both monocular responses originate from the same cortical area, an extinguished mfVEP for only one eye can be classified as ''pathologically reduced'' as it can not be traced back to an unfavorable transmission of the electrical activity from the cortical generators to the surface electrodes .
In a more general approach Hood et al. (2002) developed an analysis strategy for the detection of binocular scotomas. The rationale of this technique is to calculate the root-mean-square (RMS) amplitude by the root of the squared signal averaged over a specific time interval that is expected to contain the mfVEP signal . This procedure allows an amplitude definition without identifying peaks and troughs, an analysis strategy that would be difficult for conditions of low amplitude. The disadvantage of this approach is that even a pure noise response would generate some RMS amplitude. Thus the calculation of a RMS noise amplitude is required for a time interval that is expected to contain no signal. The signal-to-noise ratio (SNR) of these two RMS amplitudes can be related to the significance for a specific mfVEP trace to be different from noise Hood et al., 2002) . The calculation of this amplitude ratio between signal and noise resembles the EEG scaling procedure by Klistorner and Graham (2001) .
Another major improvement was to optimize electrode positions and to make use of a multi-channel recording setup. Klistorner and co-workers found that electrode arrangements ''straddling'' the inion demonstrated good signals from most parts of the visual field (Klistorner, Graham, Grigg, & Billson, 1998b; Klistorner, Graham, Grigg, & Billson, 1998a; . Similar, but slightly different electrode positions were used by Hood et al., 2002 . When the largest mfVEP response is chosen from a set of different derivations, the probability to pick up a significant mfVEP in at least one of these derivations can be increased Hood et al., 2002) .
The problem of multiple testing
When reviewing the recent studies on the benefits of additional derivations in mfVEP recordings Hood et al., 2002) , one might conclude that there is no drawback in the inclusion of additional derivations. This is mainly due to the way in which the data from different derivations had been combined in these studies. E.g., Hood et al. (2002) had analyzed the distribution of the RMS-based signal-to-noise ratio (SNR) between a signal time window (between 45 and 150 ms) and a noise time window (between 325 and 430 ms). In a single derivation recording a SNR of 0.6 could be associated with a false positive rate of 2.5%. Taking the best SNR value from 6 derivations led not only to a significant increase in the number of locations with SNR > 1.8, but also to a dramatic decrease in the number of locations with SNR < 0.6. These changes mainly indicate the benefits of additional derivations to pick up some mfVEP that had been undetectable for a single derivation due to geometrical constraints. But these changes also reflect the known statistical problem of ''multiple testing'' that arises when focussing on the most significant result within a series of statistical tests (Bland & Altman, 1995) .
The problem of multiple testing can be best illustrated by applying the SNR analysis to a pure noise recording. As signal window and noise window can be expected to have identical RMS distributions in this case, the probability for a false positive response (SNR > 0.6) in this pure noise recording is 2.5%. When a second derivation is included in the analysis, the chance to find a false positive response (SNR > 0.6) in at least one derivation rises to 4.9%. This increase can be derived from the probability 0.975 · 0.975 = 0.951 for the opposite event of two non-significant mfVEP responses (SNR 6 0.6). When n derivations are combined, the resulting probability for a false positive response (SNR > 0.6) in at least one derivation can be calculated in a similar way and is (1 À 0.975 n ). It is obvious that the rate of false positive responses increases with the number of derivations (n) added to the analysis. Consequently the criterion to detect mfVEP responses in at least one derivation corresponds to a significance level much weaker than 2.5%.
Thus the major consequence of the multiple testing problem is that the number of false positive responses is increased. Moreover, this method is less suited to detect a point of diminishing returns, as it is impossible for an additional derivation to impair signal detection.
ROC analysis
One possible solution to the problem of multiple testing would be to choose a more rigorous criterion for the individual mfVEP derivations, leading to the intended significance level (e.g., p < 2.5%) for the entire set of tests. This procedure is known as Bonferroni correction (Bland & Altman, 1995) . We chose a different solution and calculated the receiver operating characteristic (ROC) (Dobie & Wilson, 1993; Swets, 1986 Swets, , 1988 .
We applied the ROC analysis to the mfVEP data in three steps. First, we adopted the RMS and SNR definitions introduced by Zhang et al. (2002) . With these procedures we performed a data analysis across a population of normal subjects and calculated the proportion of mfVEP responses that exceeded a specific SNR criterion for both the signal time window (''hit rate'') and for the noise time window (''false positive rate''). Second, instead of using a fixed SNR criterion (e.g., p < 2.5%), we plotted the hit rate against the false positive rate over a large range of SNR criteria. This resulted in an ROC curve for each derivation (e.g., Fig. 4) . The ability of a specific derivation to detect mfVEP signals can be derived from the degree to which the area under the ROC curve approximates the maximum value of 1.0. Third, we combined mfVEP data from different derivations by choosing the best SNR value across all combined derivations before performing the ROC analysis. As this choice of the maximum SNR values was applied to both signal time window and noise time window, this ROC-analysis inherently corrects for multiple testing. This can be illustrated with the above mentioned example of a pure noise response. By adding additional derivations to the analysis, the probability to exceed a specific SNR criteria may increase for the signal time window. But the corresponding probability for the noise time window will show the same increase and the false alarm rate is expected to stay identical to the hit rate, independent of the number of derivations.
Materials and methods

Subjects
Thirty subjects, 15 female and 15 male, with normal or corrected to normal visual acuity participated in the experiment. Their age ranged from 24 to 55 years. The procedures were approved by the ethic committee of the University of Wü rzburg. Informed consent was obtained from each of the subjects after explanation of the purpose and methods of the study, according to the tenets of the Declaration of Helsinki.
Visual stimuli
Dartboard patterns with 60 fields, a mean luminance of 86,1 cd/m 2 and a contrast of 99.8% were displayed on a monochrome 21-inch monitor (''UHR21L'', Nortech Imaging Technologies, Plymouth, USA) with a frame rate of 75 Hz (Fig. 1) . When viewed from a distance of 40 cm, the circular stimulus field had a diameter of 38°. Each dart-board field contained a checkerboard-like pattern (Fig. 1) .
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ig. 1. Stimulus pattern. A dartboard pattern was used for visual stimulation. Each of the 60 fields contained a checkerboard-like subpattern with 16 checks. The time course of the pattern reversal within each dartboard field followed a pseudorandom m-sequence which allowed to isolate the mfVEPs for each of the 60 parts of the visual field.
mfVEP recording
For each subject two monocular recording blocks (left and right eye) and one binocular recording block were performed. The time course of the pattern reversal within each dart-board field followed a pseudo-random m-sequence with a length of 2 16 À 1 steps, resulting in a duration of 14.3 min for each recording block. Each recording block was divided into 32 segments to allow blinks between the segments.
MfVEPs were recorded from four occipital electrode positions located (A) 4 cm above the inion, (B) 4 cm to the left, (C) 4 cm to the right, or (D) 4 cm below the inion (Fig. 2) . A reference electrode was placed at FPz (Fig. 2) . The signals were amplified (100000·), bandpass-filtered between 1 and 100 Hz (''ERG & VEP-Amplifier RA-200'', Tomey Corporation, Japan) and digitized to a resolution of 12 bits at a sampling rate of 1200 Hz by a ADC-board (''PCI-1200'', National Instruments). The VERIS system 4.1d16 (Electro Diagnostic Imaging, San Francisco, USA) on a Macintosh computer (PowerPC-G3, 300 MHz) synchronized stimulus display and mfVEP recording. Second order responses were extracted for further analysis using the VERIS software. All other analyses were performed with programs written in Igor (Wavemetrics, Lake Oswego, Oregon, USA).
Data analysis
Each recording resulted in 60 mfVEP traces for each of the four derivations (a) A-FPz, (e) A-B, (g) A-D, and (h) B-C. We calculated addi-
and (j) C-D from the recorded derivations in order to assess mfVEP waveforms for all pairs of electrode positions, resulting in a total of 60 * 10 = 600 mfVEP traces for each recording. The decision to record the derivations (a), (e), (g) and (h) had been motivated by similar derivations in earlier examinations of other groups Hood et al., 2002) or by standard VEP recordings (Odom et al., 2004) .
We used a root-mean-square (RMS) method to define the signal amplitude RMS S,i for the recorded waveform mfVEP i of the ith dart-board field by the root of the squared signal summed across the time interval between 45 and 150 ms (Fig. 3) 
In order to quantify the false positive rates associated with different RMS amplitudes an additional noise amplitude RMS N,i was calculated for each dart-board field in the time interval between 325 and 430 ms that is expected to contain a pure noise response 
The average of RMS N,i across all 60 dart-board fields
served as an estimate of the mean noise level. We used RMS N to scale all RMS amplitudes yielding the following two signal-to-noise ratios for each dart-board field i and derivation d . By squaring the mfVEP response (top) the RMS amplitude was calculated for a signal time window and a noise time window. This allowed to derive a signal-to-noise ratio for both time windows, where the average of the RMS amplitude across the noise windows of all 60 dartboard fields was used to define the noise level . The SNR values of signal and noise time window were the basis of the following ROC analysis (Fig. 4) .
This scaling procedure reduced the inter-individual variability of absolute mfVEP amplitudes. Moreover, the scaling unified different derivations within the same subject as each derivation might contain noise contaminations to a different degree before this scaling. In order to compare different derivations in their efficiency to detect mfVEP signals in the background of noise we analyzed the receiver operating characteristic (ROC) (Dobie & Wilson, 1993; Swets, 1986 Swets, , 1988 for each subject, each recording block (right eye, left eye, or binocular), and each of the recorded or calculated derivations (a)-(j) in the following way. First, the SNR criterion was varied between the maximal and the minimal SNR values reached either by SNR S,i or SNR N,i . Second, we calculated the ratio of SNR S,i values (''hit rate'') and the ratio of SNR N,i values (''false positive rate'') that exceeded this criterion. Finally, we plotted the hit rate against the false positive rate as an ROC curve. The area under the ROC curve was used for further analysis (examples see Fig. 4) .
In a second step we extended the analysis to a combination of several derivations. The ROC analysis was based on the largest SNR values for signal and noise, selected among the derivations of interest for each dart-board field where d a , d b , . . ., d j denotes a subset of the derivations (a)-(j) that were combined in the analysis. The probability for the bestSNR values to exceed a specific SNR criterion increased with the number of combined derivations. As the SNR values for both signal and noise did benefit from this combination, the ROC analysis inherently compensated for multiple testing.
For each value of n = 1,2,. . ., 10 we calculated ROC curves for all possible subsets of n derivations. Thus, the number of ROC curves for each subject and each recording block were 10 (n = 1), 45 (n = 2), 120 (n = 3), 210 (n = 4), 252 (n = 5), 210 (n = 6), 120 (n = 7), 45 (n = 8), 10 (n = 9), and 1 (n = 10). When summed across all 30 subjects and all three recording blocks this resulted in 30 · 3 · 1023 = 92070 ROC curves that were analyzed within this study. Fig. 4 shows examples of two ROC curves for subject UB. Without any visual stimulation we would expect the signal amplitude SNR S,i and the noise amplitude SNR N,i to have the same probability to exceed a specific SNR criterion. Thus the dashed lines in Fig. 4a and b indicate the lower limit for any ROC curve, as the dashed lines consist of all data points whose hit rate is identical to the false positive rate. Whenever the distribution of signal values (SNR S,i ) is shifted towards larger SNR values than the noise values (SNR N,i ) the area under the ROC curve is greater than 0.5. In Fig. 4a the ROC curve for the derivation (i) B-D of the left eye slightly exceeds the dashed line. Consequently, the area under the ROC curve (0.602) is close to 0.5. The binocular derivation (e) A-B in the same subject (Fig. 4b) shows much larger hit rates. The ROC curve starts at 0.63 indicating that 63% of the dart-board fields show SNR S,i values above any SNR N,i value. By decreasing the SNR criterion below the lowest SNR N,i value a perfect hit rate of 1.0 is reached at the cost of allowing a false positive rate of 0.67. The area under the ROC curve is 0.94 and close to the maximum of 1.0. This maximum would indicate a perfect separation of signal and noise where the distributions of SNR S,i and SNR N,i values show no overlap and where SNR criteria exist that allow a hit rate of 1.0 and a false positive rate of 0.0 at the same time.
Results
The results of the ROC analysis are presented in two steps. First, we compare the ROC area across the 10 recorded or calculated derivations (a)-(j). This comparison helps to find the best single derivation and to differentiate between more and less beneficial electrode positions (Fig. 5) . Then we analyze the benefits of additional derivations (Fig. 6) . Table 1 comprises the 10 largest ROC areas for the combination of n = 1, 2, and 3 derivations, providing numerical ROC results for both steps of the data analysis. Fig. 5 depicts the area under the ROC curve for all single derivations (a)-(j), averaged across all subjects (mean ± SEM, n = 30). The main variation in ROC area between the different derivations (a) to (j) can be summarized by two simple rules of thumb. First, occipital derivations involving electrode A (4 cm above the inion, near Oz) are optimal, as the largest ROC areas were found for A-B, A-D, and A-C (Fig. 5 , top of column ''n = 1'' in Table 1 ). Second, the use of a frontal reference electrode seems less n=1  n=2  n=3  n=4  n=5  n=6  n=7  n=8  n=9  n=10 right eye left eye binocular Fig. 6 . ROC area for combined derivations. For each number n of combined derivations the average ROC area (mean ± SEM, n = 30 subjects) for those subset of derivations is displayed that showed the largest ROC area across all possible combinations of n derivations. Single derivation recordings (n = 1) resulted in significantly smaller ROC areas than the combination of two or more derivations. The differences in ROC area between the combination of n = 2,3, . . ., 10 derivations were not statistically significant (p > 0.30, post-hoc Scheffé test). Table 1 Average ROC area (mean ± SEM, 30 subjects · 3 recording blocks) for the 10 best combinations of n derivations optimal as the lowest ROC areas were found for D-FPz, CFPz, and B-FPz (Fig. 5 , bottom of column ''n = 1'' in Table 1 ). When averaged across all three recording blocks (right eye, left eye, or binocular) the lowest mean ROC area was 0.72 for derivation D-FPz, about 77% of the largest mean ROC area found for derivation A-B (column ''n = 1'' in Table 1 ). Binocular recordings showed a larger ROC area than both of the monocular recordings for all derivations (Fig. 5) . The corresponding ANOVA showed that both factors ''derivation'' [derivations (a)-(j)] and ''eye'' (right, left, or binocular) had a highly significant effect (p < 0.0001) on the ROC area. The post-hoc Scheffé test of the factor ''derivation'' can be described by grouping the derivations in the following four subgroups (A-B, A-C, A-D In the second step of the data analysis we asked whether the ROC area might be increased by combining several derivations. Such an increase indicates an improved detection of mfVEP signals in the background of noise. Even the best single derivations (A-B, A-C, or A-D) exhibit some low SNR S,i amplitudes which reduce the corresponding ROC area below the maximum value of 1.0 (column ''n = 1'' in Table 1 ). These low SNR S,i values might be compensated by higher SNR S,i values in at least one of the remaining derivations. Our goal was to find the best combination of n derivations and not to study the mean ROC area for some arbitrarily selected n derivations. Consequently, Fig. 6 displays the average ROC area (mean ± SEM, n = 30 subjects) for the best combination of n derivations (n = 1,2,. . . , 10) and not the average ROC area across all possible combinations of n derivations. E.g., the ROC areas for n = 1 in Fig. 6 are identical to the ROC areas for the best derivation A-B in Fig. 1 and do not correspond to the average ROC areas across the 10 derivations (a)-(j). Fig. 6 illustrates that there is a pronounced increase in the best ROC area when the number n of combined derivations is incremented from n = 1 to n = 2. When averaged across all three recording blocks (right eye, left eye, or binocular) the best ROC area for the combination of n = 2 derivations was 0.959 (column ''n = 2'' in Table 1 ), about 2.8% above the best ROC area 0.933 for single derivations (column ''n = 1'' in Table 1 ). The ROC area for the best combination of n derivations only slightly increased from n = 2 to n = 5 and even declined from n = 5 to n = 10. Again, binocular recordings showed larger ROC areas than both of the monocular recordings for all values of n (Fig. 6 ).
The ANOVA indicated that both factors ''number of combined derivations'' (n = 1,2,. . . , 10) and ''eye'' (right, left, or binocular) had a highly significant effect (p < 0.0001) on the ROC area. The post-hoc Scheffé test for the factor ''number of combined derivations'' indicated that the best ROC area for the combination of n = 2,3,. . . , 10 derivations showed significantly larger ROC areas (p < 0.0001) than the best single derivation (n = 1). But the moderate increase in ROC area from n = 2 to n = 5 and the slight decrease from n = 5 to n = 10 were not statistically significant (p > 0.33, post-hoc Scheffé test). Thus, the point of diminishing returns was reached already for the combination of n = 2 derivations, as the inclusion of additional derivations did not improve the mfVEP detection significantly. Again, the post-hoc Scheffé test for the factor ''eye'' indicated that both of the monocular recording blocks resulted in significantly lower ROC areas than the binocular recording (p < 0.0001). No significant difference was found between the stimulation of the left and right eye (p = 0.41). The interaction between the factors ''number of combined derivations'' and ''eye'' was not significant (p = 0.89).
Whereas Fig. 6 displays the best combination of n derivations for each value of n, it is yet unclear which combination of n derivations was optimal. The best derivations for n = 1 were occipital recordings involving electrode position A (Fig. 2) as mentioned in the analysis of single derivation recordings. There are 45 possibilities to combine two derivations. For each combination the analysis comprised a calculation of 90 ROC areas (30 subjects · 3 recording blocks). The ANOVA for the entire set of 45 · 90 = 4050 ROC areas yielded highly significant effects (p < 0.0001) for both factors ''derivation'' (45 possible combinations of two derivations) and ''eye'' (right, left, or binocular) . In order to find the best combination of n = 2 derivations we listed those ''top 10'' combinations with the largest mean ROC areas across all 30 subjects and across all recording blocks (right eye, left eye, or binocular) in column ''n = 2'' of Table 1 . The post-hoc Scheffé test of the factor ''derivation'' indicated that the difference in ROC area between the best six combinations, ranging from 0.946 to 0.959, were not statistically significant (p > 0.60).
Although the exact ranking of all combinations from n = 2 derivations may be arbitrary to a certain degree, three aspects of the results may be important for the optimization of mfVEP electrode positions. First, the largest mean ROC area of 0.959 ± 0.006 was found for the combination of derivations A-D and B-C, a perpendicular superposition of those two derivations that straddle the inion (Fig. 2) . Second, derivation B-C was involved in three of the six best combinations of n = 2 derivations, although derivation B-C alone showed only medium performance with an ROC area of 0.876 ± 0.009 in the analysis of single derivation recordings (column ''n = 1'' in Table 1 ). Third, the best combination of n = 2 derivations involving the frontal electrode position FPz was not among the six best combinations.
In a similar way we evaluated the 10 best combinations among all possible 120 combinations of n = 3 derivations (column ''n = 3'' in Table 1 ). The largest ROC area of 0.964 ± 0.005 was found for the combination of A-B, A-D, and B-C. This can be described as adding the best single derivation (A-B) to the best combination of 2 derivations (A-D and B-C). As mentioned above, the increase in ROC area for the best combination by adding a third derivation was not statistically significant.
Discussion
The aim of this study was to optimize electrode positions and analysis strategies for multifocal visual evoked potentials (mfVEPs). The necessity for this optimization arises from the variability in the geometrical position of those cortical areas that generate the mfVEP responses. Due to the curvature of the cortical surface, the position of the mfVEP generators relative to the recording electrodes varies from field to field of the dartboard-like visual stimulus. In any mfVEP recording there may exist a dartboard field that does not evoke a significant mfVEP response for a specific electrode placement although it does evoke a significant neuronal activity in the visual cortex. In a diagnostic context such a missing mfVEP response might erroneously be taken for a scotoma. Thus the use of a multi-channel setup seems appropriate as it does not increase the recording time but may increase the probability to pick up a significant mfVEP by one of the additional derivations. But there may be a point of diminishing returns when the inclusion of additional derivations simply increases the amount of recorded data without a substantial improvement in sensitivity. In order to evaluate this point of diminishing returns, the data analysis must correct for multiple testing. Otherwise, any derivation added to the analysis might increase the rate of false positive mfVEP responses which might misleadingly be taken for an improved sensitivity.
We asked which subset of a collection of four recorded and six calculated derivations would suffice to get maximum sensitivity. The data analysis was based on the probability for the signal-to-noise ratio (SNR, Fig. 3 ) to exceed a specific criterion for both a signal time window (hit rate) and a noise time window (false positive rate). The area under the corresponding ROC curve served as a measure for the ability to detect mfVEPs in the background of noise. The correction for multiple testing was achieved by choosing the highest SNR value from multiple derivations for both hit rate and false alarm rate.
Point of diminishing returns
The first major result of our study was that we found a point of diminishing returns for the combination of n = 2 derivations. The benefit of including a second derivation can be seen at the significant rise in ROC area between n = 1 and n = 2 (Fig. 6) and is in good agreement with earlier reports on multi-channel mfVEP recordings Hood et al., 2002) . The combined analysis of n = 3, 4, or 5 derivations led only to a mild, nonsignificant increase in ROC area when compared with the combination of n = 2 derivations (Fig. 6 ). When more than 5 derivations were combined, the mean ROC area even declined (Fig. 6) . A similar point of diminishing returns had not been reported by earlier studies to optimize electrode positions in multi-channel mfVEP recordings Hood et al., 2002) , probably because no correction for multiple testing had been applied in these studies.
In our study the point of diminishing returns was reached for an ROC area of about 0.96 (Fig. 6 ). This maximal ROC area well below 1.0 showed that there were still parts of the visual field that did not evoke significant mfVEP responses in normal subjects, even after combining all possible derivations.
Careful scientists and clinicians may be encouraged to combine 4 or 5 derivations as we reported a mild, though nonsignificant increase in ROC area up to n = 5 combined derivations (Fig. 6 ). This raises the question whether the point of diminishing returns should be better defined by a beginning decline in ROC area (here for n = 5) instead of the first nonsignificant result of a post-hoc Scheffé test between neighboring conditions (here between n = 2 and n = 3). Of course, the choice between a setup with 2 or 4-5 derivations will depend on the available equipment. There are laboratories that started with mfERG recordings where a 2-channel system is sufficient to separately record from both eyes. The good news for those laboratories is that the same system can be used for effective mfVEP recordings when the two derivations are chosen reasonably. Even for laboratories with less restricted capacity it may be questionable whether the costs of doubling the number of derivations is justified by the nonsignificant benefits in ROC area. The mere existence of a point of diminishing returns may be surprising at first as this point indicates that ''more may be less'' when multiple derivations are to be combined.
The recipe to combine a surprisingly low number of n = 2 perpendicular derivations that straddle the inion can be regarded as an optimal setup for typical mfVEP recording conditions, as applied in the current study. Some constraints, however, might be kept in mind that limit the generalization of this particular result to arbitrary recording conditions.
• When a larger array of electrodes would be placed more densely over the occipital cortex, the point of diminishing returns might require a larger number of combined derivations.
• The optimization procedure was based on a specific set of electrode positions near Oz, accompanied by one frontal position at FPz (Fig. 2) . By adding electrode positions with a larger distance to Oz, more extra-striate mfVEP components would be collected that might require a larger number of derivations to reach the point of diminishing returns.
• Although mfVEPs look transient in waveform, they are usually evoked by a fast, pseudorandom m-sequence stimulation with more than 30 pattern reversals per second (Baseler et al., 1994; Klistorner et al., 1998b; Hood & Greenstein, 2003) . The transient waveform is a result of extracting the first slice of the second order kernel in response to this stimulation (Sutter, 2000) . Thus mfVEP waveforms differ from transient standard VEPs (Odom et al., 2004) . From the data of the current study it can not be concluded whether the combination of only n = 2 derivations would still be sufficient if slower presentation rates were used for mfVEP recordings.
• The ROC analysis was based on mfVEP amplitude information. Any mfVEP latency information is omitted in the calculation of RMS and SNR values. Recently, Hood and coworkers proposed a method to analyze mfVEP latencies (Hood et al., 2004a; Hood et al., 2004b) . The inclusion of an additional latency analysis might require a larger number of combined derivations beyond n = 2.
The best combination of n = 2 derivations
The second major result of our study was the specific combination of derivations A-D and B-C (Fig. 2) that resulted in the largest ROC area for n = 2 combined derivations. Whereas derivation A-D was among the best single derivations, derivation B-C alone showed only medium performance (column ''n = 1'' in Table 1 ). The data suggest that the four best single derivations A-B, A-D, A-C, and A-FPz (column ''n = 1'' in Table 1 ) might share too much common mfVEP activity and might not benefit from a mutual combination of two of these derivations. Due to its perpendicular geometrical position relative to derivation A-D, the derivation B-C seemed to pick up neural activity that had been missing in the activity recorded by the four best single derivations. Hood et al. (2002) demonstrated that in 77% of their mfVEP traces, the best SNR value was provided by a derivation that involved an occipital position 4 cm above the inion. Although we used a slightly different electrode placement, the analysis of the best single derivation (column ''n = 1'' in Table 1 ) is in good agreement with this finding. Klistorner and co-workers used electrode placements Klistorner et al., 1998a Klistorner et al., , 1998b ) that resembled our recording setup besides a smaller distance to the inion (2 and 3 cm) for the vertical derivation (A-D in our terminology). The authors reported a major benefit of combining those horizontal and vertical derivations that straddled the inion. They also found an improvement by including ''oblique channels'' in the analysis (like the derivations A-B or A-C in our terminology) and proposed a combination of four derivations. Our data partially confirm their findings. First, the positions for the best combination of n = 2 derivations in our study (A-D combined with B-C) are close to those positions that formed the horizontal and vertical derivations in Klistorner and Graham (2000) . But we did not find a significant benefit of additional ''oblique channels''. This discrepancy can not be resolved as Klistorner and Graham (2000) neither corrected for multiple testing nor provided a statistical analysis for this aspect of their study.
Monocular vs. binocular recordings
We did not find any significant interaction between the factors ''number of combined derivations'' (n = 1,2,. . . , 10) and ''eye'' (right, left, or binocular) on ROC area. This simplifies the choice of the electrode positions as an optimal setup for monocular recordings will be suited likewise for binocular recordings. Binocular mfVEPs showed significantly larger ROC areas than monocular mfVEPs (Figs. 5 and 6). A similar amplitude gain for binocular VEPs compared with monocular VEPs had been reported for the standard VEP (Apkarian, Nakayama, & Tyler, 1981; Heravian Shandiz, Douthwaite, & Jenkins, 1992) .
Summary
The data of our study suggest that the use of two perpendicular derivations-both straddling the inion-is the most effective mfVEP recording setup. Adding more than two derivations does not significantly increase the area under the ROC curve. Thus the point of diminishing returns can be achieved with a fairly simple recording setup. To the best of our knowledge this is the first application of the ROC-analysis to mfVEP data. The ROC analysis may provide a proper statistical framework for future optimizations where the density and location of the electrode positions are chosen differently from those conditions that are currently applied in most mfVEP recordings. Recently, other approaches to improve mfVEP recording and analysis strategies have been reported, like the spatially and temporally sparse pattern-pulse stimulation (James, 2003) or the pattern onset-offset stimulation (Hoffmann, Straube, & Bach, 2003) . The optimization of electrode positions may complement these efforts to establish the mfVEP as a reliable tool for testing visual pathway function in basic research and clinical routine.
